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ABSTRACT

An advanced numerical scheme for computing the free surface flow about a
ship is presented. The present approach is a higher order panel method which
employs a parabolic quadrilateral as a basic element. It can represent an actual
curved ship hull surface more accurately with a smaller number of panels than is
possible with a flat panel approximation. Singularity strength can vary linearly or
quadratically across the panel. A sample unbounded flow problem with an analytic
solution was considered first to validate the present approach and examine the
characteristics of accuracy and convergence compared with those of the
conventional low-order approaches (constant source strength across flat panel). The
Wigley hull and the Series 60, C,=0.60 hull, which have been studied
extensively, were selected for sample free surface flow computations. Comparisons
between calculated and experimental results show good agreement. A modified
body boundary condition was suggested to simulate a dry transom stern
numerically, and calculated results show good correspondence with test data.
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author by the National Science Foundation under Grant Number ECS 8515174.

INTRODUCTION

Many attempts to predict the wave-making resistance of surface ships have been made since Miche:ll'sl
pioneering work at the end of the 19th century. However. due to a variety of difficulties. none of the existing
methods have been fully satisfactory. In the present work a comprehensive modern effort. using a higher-order
curved panel method, is adopted and applied to the computation of the free surface flow around a surface ship.
This choice was partially motivated by a limitation in the Hess and Smith approach2 observed in existing

computational implementations. The Hess and Smith approach uses flat panels with constant source strength




over each panel. Methods employing this feature are quite sensitive to the geometric arrangement of pancls'3
Numerical problems arise when the solution is dependent on the variation of panel size and arrangement for a
given configuration. Such problems place severe limitations on the development of automatic panelling or other
complementary aids, which are important for ship designers in that they relieve users from the large amount of
hard work and numerous judgements associated with producing the input geometry needed for accurate
numerical solutions. Though the versatility of the Hess and Smith approach has been appreciated over the past
decade, the need for basic improvement has become increasingly evident. In the present work we have
emplioyed a curved panel as a basic element. It is anticipated that the arrangement using curved panels will
require a smalier number of curved panels than would flat panels to approximate the actual surface of the ship
with the same degree of accuracy. Also, the source strength distribution on the body has been assumed to vary
linearly across each panel. For the solution of the free surface flow problem we distributed either sources or
doublets on the free surface. In the doublet network we have assumed quadratically varying doublet strengths
across each panel for the sake of consistency with its quadratic geometric description. For the purpose of a
later extension to the full nonlinear free surface boundary conditions, the software for curved free surface
panels has also been included as a runtime option.

The capability of the present approach was carefully examined by applying it to the computation of
unbounded potential flow problems first and then extending it to free surface flow problems. Comparison of the
numerical results of the unbounded potential flow around a sphere with the exact solution showed that the
present higher-order curved panel method gives a convergence rate of O(hz). while the rate of the zero-order
flat panel method is only O(h), where h denotes a characteristic length scale of the panel. Estimation of
numerical accuracy of the calculated results for a free surface flow problem is far more difficult. First, there is
no known analytical result with which to compare. Other difficulties are more specific and concern a variety of
numerical approximations involved in the treatment of boundary conditions and the infinite computational fluid
domain. Finally, one important quantity of interest. the wave-making resistance. is very small compared with
other quantities, such as the velocity potential and the free surface elevation. In this report emphasis is placed

on the accurate prediction of the free surface wave profile along a ship hull instead of on the wave-making




resistance. The prediction of the wave profile implies the detailed description of local flow phenomena while the
wave-making resistance is a global quantity usually obtained by integrating the pressure. which is a local
quantity, along the hull surface. It may be fruitless to attempt a computational method for an accurate
prediction of the wave-making resistance without first achieving a corresponding accuracy of the local
phenomena. It is also noted that none of the existing numerical schemes have been systematically verified for
convergence and for the numerical approximations employed. The results have been shown to vary dramatically
depending on such factors as the panel density and the numerical truncation of the computational fluid
domain.3 In this report the numerical results are carefully examined and the results are found to be quite
robust with respect to changes in the truncated computational domain and both the ship hull and free surface
panel density.

The numerical modeling of the free surface flow around a surface ship with a dry transom stern is an
another major challenge for a modern free surface problem code. One of the outstanding features of the
present analysis scheme SWIFT(Ship Wave Inviscid Flow Theory) is the treatment of the transom stern hull
characteristic. This feature is particularly important for the Navy because most fast combatant ships have
transom stern hulls. In addition, the numerous efforts for application of SWIFT to ship design and per-
-formance evaluation problems have motivated the development of extensive pre-processor codes (PANHULL)
and post-processor software (PLTPRG) for geometry definition and graphic presentation.

Validation computations for the free surface flow problem have been made for the Wigley hull and the
Series 60 hull, CB = 0.60, for which extensive experimental measurements are availabie. Transom stern ship
hulls have also been considered in detail. Here, emphasis has been given to the numerical results of wave
profiles and comparisons with the experimental measurements. Predicted longitudinal wave cuts away from the

ship have aiso been compared with the measurements.




MATHEMATICAL FORMULATION

We consider a ship which moves in the positive x-direction with constant forward speed U. It is convenient
to introduce a Cartesian coordinate system X = (x,y.z) translating with the ship as shown in Fig. |. The z=0
plane is taken as the undisturbed free surface. the positive x-axis in the direction of the ship's forward velocity.
and the positive z-axis upward. The fluid is assumed to be ideal. incompressible with constant density p. and
its motion to be irrotational. With these assumptions the fluid velocity vector V(X)) is represented as the

gradient of the velocity potential ¢( X ) which satisfies the Laplace equation.
2 e
Vo(x) =0 4}

throughout the fluid domain. On the submerged portion of the ship’s wetted surface S, the normal velocity of

the ship is equal to that of the adjacent fluid such that
¢n (X)=0 on S. )

On the free surface z = {(x,y), where { is the free surface elevation. the kinematic boundary condition is

expressed in terms of the substantial derivative D/Dt = 3/3t + V-V . in the form
oby(L-z)=0 onz = (. 3

An additional ¢ynamic beundary condition is obtained by requiring that the pressure on the free surface be

atmospheric:
(1/2)‘V.¢'-V.¢ +gz=0 onz = (. )

Since Eq. (4) holds on the free surface, its substantial derivative can be set equal to zero. This derivative leads

to an exact nonlinear free surface boundary condition.

(1712)V¢ GoV¢) + gh, =0 onz = L. Q)




with
¢ = (l/2g)V¢-V¢ onz = . ©)

Finally, energy consideration requires that the velocity potential approach the uniform onset flow potential and

that there be no waves far upstream of the ship:

-Ux + o(1/r) x>0

-Ux + O(1l/r) x<0
where r = { x2 + y2 + 22 }”2.

The set of Egs. (1)-(7) formulates the exact boundary-value problem within the limitations of an ideal
incompressible fluid. However, the nonlinear free-surface condition preciudes any solution within the present
linear framework. In the present linear approach we followed Dawson's approximation4 that the disturbance
due to free surface waves is small compared to the corresponding double-model solution. The total velocity

potential is now expressed as the sum of two potential functions ¢ and ¢° .

where & and ¢’ are the double-model velocity potential and the disturbance potential due to free surface waves.
respectively. Under the assumption that ¢’ is small compared to &, the free surface condition in Eq.(5) can be

linearized with respect to ¢’ such that

2,,2 2 2.2 2 . . . ,
[ Qx (Qx +0y )x + Qy (Qx +§y )y + 2QX(QX¢ x+<lry4~ y) + 20y(0x¢ x+§y¢ y) +

. 2 2 . 2 2 < -
‘x(’x +§y) +¢y(’x +Qy)] + g¢z = onz=0 (&)

z = angiu? -4 2 _Qyz 204 204 onz=0. (10)

The simplified form of the linearized free surface condition expressed in terms of double-model streamline

coordinates is written as




2 _ 2 _
(‘l” ¢, ) + g¢z = 2‘!’l ‘l’” onz=20 an
2 2
L=Qnrglu” + Ql - 2Ql¢|] onz =0 (12)

where | denotes the double-model streamline coordinate and subscript | the derivative along the I-direction. The
mathematical formulation then consists of the Laplace equation. Eq. (1). with the boundary conditions of Eqgs.
(2) and (11) on a truncated region of the free surface near the ship, and Eq. (7). Equation (12) is used for the

wave height computation.
NUMERICAL METHOD

The method used here is a boundary element method in which simple Rankine sources are distributed
across each panel. The boundary-value problem formulated above then reduces to a determination of an
unknown singularity distribution over the boundary surface of the fluid domain. Once singularity distribution is
determined as the solution, the hydrodynamic quantities of interest, the velocity and the pressure, are also
determined. The integration of the hull surface pressure gives forces and moments on the ship.

The new and original features of the present approach are summarized as follows:

1. The geometry of all the boundary surfaces is patched by quadratically varying curved panels instead
of flat panels.

2. Linearly varying sources or quadratically varying doublet singularities are distributed on the surface
panel. while existing approaches use constant source# on each panel.

3. A new transom stern condition is used.

4. An automatic method of determining a truncated free surface region and a suitable density of free
surface panels depending the Froude number is implemented.

5. A variety of graphical post-processors have been developed.

The following sections give a detailed description of the advantages of the present approach over

conventional approaches.




HIGHER-ORDER CURVED PANEL

We use curved panels instead of flat ones to patch the ship surface. Let S be a true surface element
bounded by four corner points P1, P2. P3, and P4 as shown in Fig 2. We assume that S may be represented

in the approximate form
LEMD = Ty + Lk + N+ L B2 + Qg in + Q nn2 a3

where (§.n,0) are orthogonal coordinates local to S. The six coefficients (CO’C’E'(N'('EE'CEH'(NY}) are
obtained by requiring that the approximate surface given by Eq. (13) pass through its four corner points exactly
and through its neighboring points approximately in a least squares sense. That is. for each panel the

expression

N
R =12 W.[{E.Nn)-T ]2 (14)
j=1 J 7Y )

is minimized with respect to the six unknown coefficients appearing in Eq. (13). The summation in Eq. (14)
ranges over the N neighboring grid points. The choice of the N points and the weights Wj has been made in
an attempt to minimize any irregularities that may appear in the paraboloid approximation of the true surface.
In the present formulation the values N = 9,12, or 16 and W.j = 1or 108 are used depending on the location
of the panel in the surface panel network. A typical 3-D pcrspccfive view of the surface panel network is shown
in Fig. 3. Here we use the term network to represent the collection of quadrilaterals. The use of curved panels
reduces the geometric discontinuity (leakage) experienced by the usual faceted flat panel approximations.
Furthermore, the choice of these features is required by the argument given by l-less.2 that certain computing
methods which use flat panels do not obtain increased accuracy over the basic zero-order method (constant
source on flat panels) even though they use higher-order source distributions. It is shown by Johnson5 that for
purposes of computational efficiency Eq. (13) can be reduced by an appropriate coordinate transformation to

the canonical form




Z = at? + bn? Eme L (15)

where I is the quadrilateral formed by the projection of the corner points on the (£.1) plane. In the case of a
flat panel, a and b are both zero.

Let
8§ = 1/2 Max |{ a25.2 + b2n2 }”2 . (Emel (16)
and assume that
8 << 1.0. an

Physically, this assumption implies that the surface paneling is fine enough to assume a small ratio of the
height to the maximum diameter of the panel. Under this assumption the integrals associated with the induced
potentials and velocities are expressible as integrals in the I-plane, and all the resultant influence coefficients
are obtainable in closed form. Furthermore, all the influence coefficients associated with the higher-order
curved panel method can be computed from the corresponding integrals pertinent to the zero-order flat panel
methods. Since these additional computations are carried out through a linear recursion relationship, the extra
effort is minimal. The justification of this approximation was given by Johnson.s His numerical tests suggested
that § <0.066¢ensures a sufficiently fine paneling, and that a coarser paneling with a higher ratio gives results
with less accuracy.

The distribution of singularity strengths on a panel S is assumed to be linear in the case of a source
network and quadratic in the case of a doublet network. Specifically, we assume that the singularity strengths ¢

and T at a point (§,n.C) on a panel S are given by

n (18)

Source: o(§,n) = 9, + UE.E + cn

2 2
n+ l/ZTEEE + T&hm + I/Z‘tmh . a9)

Doublet: T(E.n) = T, + ‘tEE. + 'tn

-




The coefficients in Eqs. (18) and (19) are determined by using a method of weighted least squares over the
panel and up to eight of its neighboring panels. This method requires that the form of Eq. (18) or (19) gives
exactly the singularity value at its centroid and approximate values in the least square sense at centroids of the
neighboring panels, as shown in Fig. 4. Since the singularity strengths are not known a priori. these
coefficients are obtained as linear combinations of the unknown singularity values at discrete centroidal points.

For each panel L there exists a relationship,

co] %
= [B]L* ] » (20)

Here the subscript L identifies the panel of interest and the subscripts 1.2. 3.....9 the local panel indices
associated with the panel L.

The sole reason for this least squares procedure is to express the assumed panel singularity distribution in
terms of a neighboring subset of the unknown singularity, such that this approach requires no additional
control points to those used in a constant-source, flat-panel method. It still gives the full power of the

higher-order singularity method.

INDUCED POTENTIAL AND VELOCITY

Now the velocity potential at P=(x,y.z) induced by a singularity distribution on S is given by




Source: ¢ = (-1/4m) [ (o/R)ds. @n
Doublet: ¢ = (-1/4m) [ T@®RA/R) ds . 22)

where
R = Exnylo =0-F. 23)

2

R=Rl= {E2+Mmyi+Ca% Y 24

and o and T are given in Egs. (18) and (19), respectively.

The velocity vector V induced at P is given as the gradient of the corresponding velocity potential. i.e..

-t

vV = e (25)

We are now in a position to evaluate the integral Eqs. (21). (22). and (25). From the relations of Eqgs.
(15), (d7), (18), and (19) the induced velocity potential at P(x.y,z) due to the singularity distribution on the
panel L can be expanded in closed form by using a combination of closed form calculations and recursive

relationships. Details are fully included in Johnson’s rcport5 and in Appendix A.

NUMERICAL APPROXIMATION OF THE FAR-FIELD BEHAVIOR OF THE SOLUTION

In the present approach a finite computational domain is used for the numerical computation by truncating
the infinite fluid domain at a finite distance from the ship. If the truncation boundary is focated sufficiently far
from the ship, so that the contribution resulting from this truncated region is negligible, this numerical
approximation can be justified. However, unless we specify legitimate boundary conditions on this far
boundary. the solution of the boundary-value problem is not unique and the numerical solution cannot be
justified. In order to render the boundary-value problem unique. or elternatively to ensure that the waves
associated with the disturbance appear only downstream. three-point or four-point upstream difference schemes

have been commonly used for the approximation of the terms 0" and (1l>2|¢|)| in Eq. (11,
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(3al), = C4m + C4_ o +C4 o0, + Cd w (26)
or

(Bwab; = 3w, + C3; 404y + O30, @7
where the coefficients C4 and C3 are given by

C4;, = -di. ,di, Jdl ,-dl. ,)/Dd (28)

C4,, =d._dl. L ,-dl /D4 29)

C4, 5 = -di._dl @l ,-di. )/Dd (30)

C4, = -C4_, +C4_, +Ca @
where

D4 = di, ,dl. dl, (dl -dl )(dl, s-dl )L, o-dl, )l | +dI, o +dl. ), (32)
or

C3i = (dli_z-dli_l)/D3 33

C3. | = -dl. /D3 G4

3., =di. /D3 35)
where

D3 = di._dl. (L  +dl. ) (36)
and LI A 37

This upstream finite difference scheme for the free-surface boundary condition introduces numerical

dissipation into the physical problem to ensure only downstream waves. However. the extent of this numerical
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dissipation depends on the panel sizes and on the free-surface panel arrangement so that it is hard to control or
to estimate. Furthermore the upstream difference scheme introduces unnecessary numerical dispersion into the
physical probiem. An alternative way to ensure no upstream waves is to introduce explicitly an artificial
viscosity, known as Rayleigh viscosity, so that the numerical dispersion due to the difference scheme can be
avoided. The corresponding free-surface boundary condition becomes
8%y + 200 + ¢y2wyy +208 408 b + 208 40 8OV ]
+ VIRE +Dw + 209 ) + g¥,

2 2 2
= 2 QX Qxx + zoxoytxy + Qy ny + Qxbn + Qyixy] + v [(QXH) + Qy] (38)

where v is a small positive Rayleigh viscosity term and ¥ is the disturbance potential such that ¢ = -Ux + .
The derivative terms in Eq. (38) are evaluated analytically through the recursion relationship with minor
additional computations. The dissipation introduced by an artificial Rayleigh viscosity should be small enough
not to damp the solution too much.

The radiation condition of no waves upstream is imposed to make the solution unique. If we had applied
appropriate boundary conditions on this far-field truncation boundary to ensure uniqueness, the approximate
procedures could have been avoided. A physically acceptable uniqueness condition is the condition of no waves

at the upstream truncation boundary. That is,

v, =0 (39)
\llxx = 0. (40)

Once the singularity distributions are determined as the solution of the boundary-value problem formulated

above, the hydrodynamic pressure coefficient can be obtained from the Bernoulli equation
c, = P12 pU?) = 1 - V22, @n

A linear distribution of C p on each panel can be calculated from the values of Cp at the control points. The

12




method used is identical to that for computing the linear source distribution network. On any panel S. we then

have

Cp(E.,n) =C _ + CpEE + Cpnn. 42)

po

The force coefficient vector CF on S is defined by

C. =ws J cp<a,n)'5(£.n) ds 43)

where S is a specified reference area. After algebraic manipulations, we obtain the following expression for CF

in local coordinates:

Cl= = (1/8S) { -2a[ C(2,l)Cpo + C(3.l)CpE + C(2,2)Cpn].

].
12} (44)

-2b[ C(l,2)Cpo + C(2.2)Cp£ + C(l,3)Cpn

[C(l.l)Cpo + C(2.I)Cp£ + C(1,2)Cpn

IMPLEMENTATION OF NUMERICAL SOLUTION

The present method uses a discrete panel method to achieve a numerical solution of the boundary-value
problem. More specifically, the problem is reduced to the determination of unknown singularity strengths at
discrete centroidal points on each panel. A finite set of control points (equal in number to the number of
unknown singularity strengths) is selected at which the boundary conditions are imposed. Application of the

boundary conditions results in a finite set of simultaneous algebraic equations denoted symbolically by
[A) {X} = {B}. (45)

Here, {X} is the vector of unknown singularities. {B} is the vector of specified boundary conditions, and [A]
is the square matrix of influence coefficients. Aij represents the influence of the j-th singularity Xi on the

boundary condition at the i-th control point.
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While the solution of Eq. (45) may be obtained by using any available numerical algorithm. we have paid
particular attention to the techniques of numerical linear algebra in this research. The part of the matrix
resulting from the ship hull surface boundary condition is diagonally dominant, which has led many
researchers to use iterative methods analogous to aerodynamic computations. When the linearized free surface
conditions are added for the study of free surface flows. this diagonal dominance is lost. It is common for
research purposes to solve free surface flows at a number of different ship velocities without altering the
paneling with fixed sinkage and trim. Letting the number of body surface panels. free surface panels, and the

total panels be denoted by NBP, NFP, and NTOT, it is easy to see that the resulting matrix is of size
2 2
(NTOT)” = (NBP+NFP)". (46)

This matrix may be partitioned as

Agp  ABr

[A] = . 47)
ArB  “¥F
Only the submatrices AFB and AFF change with ship speed. ABB and Agp being generated from the
no-penetration condition on the wetted hull surface. A partitioned matrix solution technique can be deviced to

eliminate a large number of redundant calcuiations, requiring matrix work only on AFB and A_... A major

FF
benefit of this partitioned matrix approach is that only the submatrices need to be in core at any given stage of
computation, which greatly increases the number of ship surface panels and especially the number of free
surface panels available to the user. All the experience of the aerodynamic researchers has indicated an
increasing demand for more panels to enable the study of more complicated geometries. In naval applications
also a large number of free surface panels is often desired and a total of around 1000 can be a serious
limitation. With the program developed here. the only limitations on size are that number of the body surface

panels and the free surface panels must each individually be not more than 900 for use on a CRAY X-MP/12,

and this limit increases to over 1400 on a CRAY X-MP/24 such as is available at DTRC. Thus the total
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number of panels will be between 1800 and 2800 on the CRAY X-MP family of supercomputers. depending on
available memory sources.
Partitioning the solution vector {X} and the right-hand side vector {B} in a compatible way gives the total

partitioned matrix equation

A X B
B
Agp  ABF B| _ | “®
Aeg Apr | | XF Be
This equation reduces to
UApg - App ["'13.13-l Agpl 1 {Xg} = {Bg} - App [ "‘1313'I Bpl 49

with XB being given by an almost no-cost calculation as

(X} = gy By - [Agy " Agp11Xgh. (50)

Note that ABB-IABF and ABB-IBB can be computed just once so that the only new work of consequence
needed for additional ship speed cases is the above matrix times matrix multiplication and a factorization of the
modified NFP by the NFP free surface matrix in Eq. (49). If the solution for only one Froude number is
required, the total operation count is the usual (NT OT)3/3 exactly as when no partitioning is used, except that
the operations for the ABB factorization are not repeated.

We have also implemented and extended some very recent advances in squeezing supervector speed out of
matrix multiplication and factorization routines recently developed by Dongarra and Eiscnstat.6 This procedure
improved the vectorization in the present numerical code so much that the resulting factorization times in
portable FORTRAN were significantly better than the previously used LINPACK-based code optimized in
assembly language.

Numerous other vectorization techniques were used which were variations on the theme of creating large
inner loops. In some cases reorganizing algorithms actually decreased the number of operations significantly.

For example, a combination of both techniques decreased the computer time spent in the computation of the
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far-field approximation of influence coefficients by a factor of 85. An example of the first technique arises in

the typical computation

TRIO, = TRIO, + C*TRI, . 1 <K N (51)

where C is a fixed 3 by 3 coordinate transformation matrix and TRJK and TRJOK are 3 by 3 matrices. This
calculation is routinely performed in the middle of a large K-loop by calling on a utility routine MXM to
perform the 3 by 3 matrix multiplication of C times TRJK. The code can be reorganized so that the K-loop is
around just this calculation, and a vector subroutine can be created with the result given by nine hand-coded

dot products of vectors of length 3. One of the nine FORTRAN lines would read
TRIO(1,1.K) = TRIO(1.1,K)+C(1,1)*TRI(1,1 . K)+C(1.2)*TRI(2,1 . Ky + C(},3)*TRI(3.1 .K).

This new routine with the key calculation inside a large loop is so efficient that it decreases the computer time
for vectors of length K around 250 or larger by a factor of 15. The current code is now well structured for
inclusion of new modeling approaches and is over 90 percent vectorized for extremely efficient use on Class VI
and Class VII supercomputers. It consists of about 12.000 lines of FORTRAN, 40 percent of which are

comments.

TRANSOM STERN

Most Navy high speed combatant ships have transom sterns and at high speed the flow clears the stern
completely. To model this unwetted transom flow, one suggested approach is to add a cruiser stern-like
extension behind the transom stern and apply the boundary condition ¢n = 0 on the transom section. This
approach has given results that compare poorly with experimental data. Adequate numerical modeling of the
transom stern condition is challenging within the framework of the linearized free surface potential flow
theory. In the basic formulation assumptions have been made that the disturbance created is small enough to

allow the linearization of the free surface condition about the undisturbed free surface £ =0. Several variations
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of numerically modeling have been attempted. The version currently in the program provides the most
reasonable results compared with experimental values. In this approach. we removed the transom stern part
from the hull geometry input data, creating is a hole at the stern of a ship in the sense that the hull is not
completely closed. Along the first row of bottom panels adjacent to the transom stern. the hull surface
boundary condition ¢n = ( was replaced by the requirement that the flow pass by each panel tangentially. The
magnitude and angle of tangential velocity were obtained by extrapolating values from neighboring panels. The
free surface behind the transom exists at z = 0 so that the linearized free surface condition is satisfied. This

numerical model has been tested on the Athena hull form and on several combatant ships.

CONVERGENCE TEST OF NUMERICAL SOLUTION

In addition to the difficulty experienced in the numerical implementation of the radiation condition. there
exist numerous sources of computational uncertainties. such as (1) numerical differentiation and integration,
(2) truncated domain from infinite to finite, and (3) panel size. Furthermore these sources of errors are
interwoven in a compilicated manner. It is not possible to separate and quantify simply each source of error.
Three main attributes generate traceable errors: (1) fore- and aft- truncation boundary. (2) side truncation
boundary, and (3) number of panels for a given finite domain. These attributes are examined separately below.
A Wigley parabolic hullform in Fig. 5 was used for this numerical convergence experiment.

Fore and Aft Truncation

Fore and aft truncation boundaries are always taken the same distance from FP(forward perpendicular) and
AP(aft perpendicular) of the ship, respectively. Their ranges are approximately between 1.5L and 3.2L where
L is the half of the ship length, L=LWL/2. Froude numbers considered were between 0.2 and 0.375. The
side boundary was fixed at y=1.0L. The relative error is defined as

[CW (at x=xi) - Cw (at x=213.2L))

Relative Error =
CW (at x=3.2L)

where Cw is the wave resistance coefficient and X, = 1.46L. 1.9L, Z.2L. 2.9L. and 3.2L. The results are
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plotted in Fig. 6. The maximum relative error is about 2% and decreases proportionally with increasing
distance of the truncation boundary. For this Froude number range, the truncation boundary x=2.5]. seems
sufficiently far away to provide stable results.

Side Truncation

The examined side truncation boundaries were located between 0.5L and 1.6L from the ship’s centerline.
Fore- and aft- boundaries were fixed at x=2.0L and the same Froude number range was considered. The
relative error is defined similarly as

{C_ (aty=y.)- C_(aty=1.6L)]
Retative Error = had ! hud

C, (aty=1.6L)

where Y, = 0.53L, 1.0L, 1.25L, and 1.6L. Figure 7 shows the results. The observed maximum error is about
2.5% and decreases linearly with the distance of the boundary. The differences are hardly distinguishable when
y is more than 1.25L.

Panel Size

The last parameter considered is the panel size or number of panels for a fixed domain. The computational
domain was fixed at x= 2,0L fore and aft and y=1.0L. The total number of panels for both body and free
surface varied from 612 to 1052. Figure 8 shows the relative error which is the ratio between the difference of
Cw at 612, 700, 800, 860, 950, and 1052 panels and CW of 1052 panels. The maximum error is about 4%.
The error decreases rapidly to about 1% between 600 and 700 panels. and at more than 700 panels the rate of
decrement is very slow compared with the rate of increment in panel numbers. It appears that, once the
primary variation is obtained, the effect of further refinement of the panel size is not significant. In problems of
this type, with abrupt changes in the boundary conditions (hull-free surface interface) or geometry, there is a
singularity in the solution within a local neighborhood. This singularity leads to the slow convergence of the
solution. Typically a halving of the panel size (which increases the work hv a factor of 4) might produce only a
40% improvement in the error. In recent work. Lucas and Oh* formulated a new approach to this problem

* "The Method of Auxiliary Mapping and the Finite Element Solution of Elliptic Boundary Value Problem
Containing Boundary or Corner Singularities ,” submitted to IMA J. of Numerical Analysis.
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which has promise for a generalization to the 3-dimensional problem. For the moment. however. about all that
can be said is that a medium-sized grid gives sufficient resolution. Without a new and different approach.

further refinement is probably too costly to be effective.

RESULTS AND DISCUSSION

The first step of the panel method approach is to discretize the fluid boundary in the form of panel
networks. These networks are a collection of either source or doublet panels and are independently defined
over various portions of the ship hull and the free surface as illustrated in Fig. 9. Once this panel dis-

-cretization has been completed, the solution of the boundary-value problem can be carried out.
SPHERE

The first test case is an unbounded potential flow about a sphere in a uniform stream. The solution is well
known analytically. This choice was made to examine the capability of the present approach versus that of the
zero-order flat-panel approach. There is symmetry of the flow about two planes so that only a quarter of the
sphere needs to be paneled. To test the flexibility of the panel method we used two different panel arrangements
as shown in Fig. 10: a regular paneling and a random paneling. The corner points for random panels were
chosen using a random number generator, which fed to a wide variation in panel size and shape: the corner
points of regular panels were generated using cosine spacing along the x-direction and uniform spacing along
the transverse direction. Velocity potentials at each of the 12x4 control points are plotted in Fig. 10 as a
function of the x-coordinate. Agreement with the exact solution is good. This example demonstrates the extreme
forgiveness of the method to irregular paneling, a feature which greatly enhances the method's practical utility
for applications involving much more compiex configurations. The accuvracy and the convergence rate of the
method are also compared with those of the zero-order flat panel approach. The results. summarized in Table
1, show the superiority of the present higher-order curved panel method over the conventional zero-order flat

panel method in both accuracy and convergence rate: the present method gives a convergence rate of O(hz).
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while the rate of the conventional method is only O(h). Here h denotes a characteristic length scale of the
panel.

The results in Table | for the zero-order flat panel approach were obtained as the special limiting
solutions of the present higher-order curved panel code. Numerical tests showed that the zero-order flat panel

solutions from the present code are exactly same as those from an existing zero-order codc.2
WIGLEY HULL

The Wigley hull is a mathematical hull with a parabolic waterline and parabolic cross section. The

equation used for the surface is
y = (1xD)(1-22164)/10 , (52)

and the particulars and body plans are given in Fig. 5. Six Froude numbers. 0.25, 0.267. 0.289. 0.316,
0.354, and 0.408, were considered. Extensive numerical tests revealed that the extent of the paneled part of the
free surface must be determined on the basis of the wavelength of the generated waves as well as on the huli
configuration. Numerical tests suggest that a finite free surface region. extending one wavelength upstream
from the bow, one wavelength downstream from the stern. and 3/4 ship length from the centeriine to the side,
is sufficient to approximate an unbounded free surface to the desired accuracy.

It is a common practice in the field of computational fluid dynamics to verify the accuracy of a numerical
solution by systematically varying panel densities and then examining the resulting convergence characteristics.
Systematic variations of panel densities on the wetted hull surface and on the free surface were investigated for
this mathematical hull form. During these numerical tesis the upstream finite difference operator given in Eq.
(26) or (27) was used to approximate the radiation condition numerically. The effect of the free surface panel
density on the numerical solution was then tested by changing the densities in the lateral and longitudinal
directions. It was found that the numerical results were more sensitive to the variation of the free surface panel
density than to the body surface panel density. This sensitivity may be explained in two ways. First. the free

surface boundary condition is of mixed type involving tangential velocities as well as normal velocities. while




the body boundary condition is of Neumann type involving only velocities normal to the boundary. Secondly.
we use the upstream finite difference operator to compute the streamwise derivatives of the tangential velocities
in the free surface condition. This operator is used to eliminate upstream disturbances numerically. It is well
known that the accuracy of the finite difference operation depends on the size of the basic element. Furtherm-
ore, the artificial numerical damping involved in a specific upstream finite difference operation is expected to
vary with the free surface panel densities.

In the present report, we used for the higher-order panel approach a linearly varying source distribution on
the curved ship hull and a quadratic doublet distribution on the free surface. In order to satisfy the free
surface condition a three-point upstream finite-difference and a four-point upstream finite difference operator
were used for the higher-order panel approach and the zero-order panel approach. respectively. The ship hull
surface was defined using 192 panels (24x8), and 624 panels (52x12) were used to represent the truncated free
surface domain. In Figs. 11 through 17, the computed wave profiles and wave-making resistance results, are
compared with the measurements reported by the Resistance Committee of the 17th ITTC(International Towing
Tank Confcrcm:c).‘7

To facilitate comparisons, the following non-dimensionalization has been made:
Cw(Wave-making resistance coefficient) = Resistance/(1/2 pUZS)
T(Wave profile) = U(U2/2g)

where U is the forward speed, g the gravitational acceleration, and S the wetted surface area. Generally
speaking, the advantage of the higher-order panel approach is not evident in these numerical results to the
same extent that the resuits for the unbounded potential flow show the advantage of the higher-order panel
approach over the zero-order panel approach. The numerical results shown in the Figs. 11 through 17 suggest
that a fair comparison of approaches must be made without using an approximate scheme (upstream-finite
difference operator) which induces numerical errors that cannot be estimated casilv. The alternative approaches

using Eqs. (38) or (39) and (40) instead of the upstream-finite difference operator are expected to provide fair
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comparisons and to show the superiority of the higher-order approach even for the free-surface flow problems.
Figure 18 shows 3-dimensional perspective view of waves generated hv Wiglev hull at Fn=0.408. Wave

contour plot is shown in Fig. 19.
SERIES 60. CB = 0.60

The body plan and profile drawings of the cruiser stern Series 60. CB = 0.60 hull form are shown in Fig.
20 and the table of offsets is provided in Table 2. In this case. the ship hull surface was defined using 360
panels (30x12), and 696 panels (58x12) were used for the truncated free surface. Figures 21 through 26 show
the measured and the computed wave profiles compared at six Froude numbers: 0.20, 0.25. 0.30. 0.32. and
0.35. At the forward half of hull the computed wave profiles compare favorably with the measured ones. but
the agreement becomes poorer downstream. The prediction always overestimates the magnitude of the last
crest. The discrepancy near the stern may be explained partially by the fact that growth of a thick boundary
layer violates the underlying assumption of potential flow. and the nonlinear free surface condition should be
taken into account in order to make improvement. Note that the comparison between the computation and
experiment for the Series 60 hull is different from the Wigley hull case in which the prediction always
underestimates the magnitude of the bow crest and shows good agreement in the aft part.

In Fig. 27, the calculated wave-making resistance coefficients are compared with the experimental results
of Kim and Jenkins.8 It is interesting to note that for both the Wiglev and Series 60 hulls the differences
between the measured and the computed wave profiles are relatively small. but the discrepancy in wave-making
resistance between theory and experiment is much greater than expected. As is well known, most of the
wave-making resistance comes from the difference between the integrated longitudinal pressure forces at the
bow and at the stern. Particularly in these two areas. the observed flow seems to violate the underlying
assumptions for linearized potential-flow theory. In Fig. 28 the computed longitudinal wave cut was compared
with the measured one at y/(L/2)=0.7521 and Fn = (.322. Near and aft of the stern the wave phase is shifted

slightly, but the amplitude shows excellent agreement between calculated and experimental results.




ATHENA HULL

A body plan of the round bilge, semi-planing high speed ship hull of the Athena is shown in Figs. 29 and
30. and the offsets are given in Table 3. The hull was represented by 23 by 8 panels. The transom stern and
free surface region behind the transom stern were considered as a special section in the computation. A total of
489 panels was used to cover the whole free surface: 48x8 panels for the main portion of the free surface and
15x7 panels for the free surface behind the transom stern. As mentioned previously the transom stern segment
of the body geometry is left unpancled and a tangential condition was satisfied at the last row of panels of the
hull. Four Froude numbers, 0.350, 0.412, 0.484. and 0.651. were selected from among the test runs of the
ITTC Resistance Committcc,7 and the measured wave profiles were compared with the computed ones in Figs.
31 - 34. At lower Froude numbers a discrepancy is noticable. especially aft of midship. The computational
results show a deeper trough than do the experimental data. Furthermore up to Froude number 0.412 we see a
kink in the wave profile very near the stern which does not exist in the experimental results. This peculiar
result at lower Froude numbers may come from the transom boundary condition incorporated here. since at
lower speeds the transom stern is not completely dry. As speed increases. this phenomenon disappears
completely and the predicted wave profiles smoothly follow the measured ones along the entire hull. These
numerical results indicate that the suggested transom stern boundary condition is well suited to higher Froude
numbers (i.e., dry transom stern), but for lower Froude numbers we will have to develop a wetted transom
version of the stern boundary condition.

Figure 35 shows the wave profiles behind the stern of the ship at two different locations: y/(L/2) = 0.027

and 0.054 for Fn=0.484. The computed and measured results show excelient agreement.
LARGE COMBATANT SHIPS

As part of an intensive program to study the wave svstems generated bv a large combatant ship. DTRC
conducted model tests for three similar hull configurations: Models X. A. and ¢~ (see Beaver's reportq). The

purpose of the testing was to study the effects of hull shape changes on the wave generation characteristics.
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Figure 36 shows a comparison of body plans for Mode! X and Model A. Model X is the existing configuration
and Model A identifies the notched-hull configuration in which the 7.5-foot wide notch extends the length
between stations 3.7 and 18,8 at the designed waterline. The body plan of Model C is compared with that of
Model A in Fig. 37. Model C identifies a modification of Model A that incorporates only the removal of
volume from the shoulder region between stations 4 and 10. Hull form characteristics of Models X. A. and C
are given in Table 4.

The wave profiles along the hulls were measured at Fn = 0.179. 0.238. and 0.298 between stations O and
8 for each configuration. In Figs. 38. 39, and 40 the computed and measured wave profiles are plotted
together to make comparison easier between Models X and A at each speed. In Figs. 41. 42, and 43 the same
comparisons are shown for Models A and C. As shown in these figures. the computed results agree well with
the measured ones for all three models and for all speeds considered, except near the bow region.

Off-body wave elevations for Models X and A were measured at Fn = (.238 using five capacitance wire
wave probes mounted transversely across the basin. As shown in Fig. 44, the probe locations were approxi-
mately 77, 90, 102, 120 . and 135 ft ship scale off the centerline of the ship. The comparisons between the
computed and measured off-body longitudinal wave elevations at each probe were plotted in Figs. 45 through

49 and their agreements are excellent.
COMPARISON WITH OTHER APPROACHES

DTRC organized a special workshop called ”Wake-Off"lo which was held on 12 and 13 January 1988.
The objective of this workshop was to gather all available numerical codes that may be useful for predicting or
evaluating ship generated waves. wave spectra. wave contour, wave pattern. and wave-making resistance and to
make comparative evaluation of results of these codes for given specific ships and speeds. Two models. DDGS!|
and QUAPAW. were sclected and their offsets. particulars. and specific Froude numbers were provided to each
participant. DTRC conducted model tests at the same time. but the test data were not disclosed to the
participants. This closure provided a blind test for predictive capabilitv of the various computational

approaches. Twelve computer programs were involved in this workshop: five from DTRC. two from




SAIC(Science Application International Corporation), one each from University of Michigan. Lockheed. SSPA
Maritime Consulting. MTT(Massachusetts Institute of Technology). and Rosen(Engineering Consultant). It was
interesting to see that only two methods. the Havelock source and the Rankine source method. were used
among them. Five computer codes use the Havelock source and the others use the Rankine source method.
Both methods consistently underpredicted the amplitude of the bow wave and overpredicted the amplitude of
the stern wave. Overall, the Havelock source codes provided better results than the Rankine source codes.
especially for the far field wake. Excellent near-field calculations were provided by the codes SWIFT and
FLOPAN which use a higher order Rankine source and a constant source/doublet distribution method.
respectively. These two codes outperformed the methods such as XYZFS which used the constant Rankine
source. As already mentioned, the Rankine source method customarily adopts the upstream finite-difference
operator to satisfy the free surface condition and the radiation condition, but the use of the upstream
finite-difference operator is equivalent to introducing an artificial viscosity. This viscosity effect attenuates the
wave amplitudes significantly as they propagate and the results get progressively poorer far downstream. There
should be a strong effort to develop a computational method that combines the excellent near-field capability of

the Rankine source method with the superior far-field behavior of the Havelock source method.
CONCLUSIONS

A higher-order panel method for the linearized free-surface flow has been developed. The capability of the
present higher-order curved panel method is summarized as follows:

1. The cost of curved higher order panels in the computation of the influence coefficients is not notably
greater than the cost of flat constant source panels. because of the use of recursive relations from
the flat constant case.

2. The results from the use of curved panel. linear source terms on the ship hull are robust with respect
to the panel size and geometry.

3. The convergence rate for the double body case is O(h2). while the zerc-order flat panel method gives

Och).




4. The free surface calculations have been shown to be robust with respect to changes in the
longitudinal and lateral free surface computational domain and with respect to the panel density.
5. New partitioned matrix techniques have been used to minimize storage requirements and allow the

number of body and free surface panels to be up to 2800 panels.

[og}

. Extensive use of advanced vectorization techniques has made the code highly efficient.

7. A new transom stern condition has been developed and implemented which gives excellent results for
the tested models.

8. A number of tests with the Wigley hull, Series 60, ATHENA. and a large combatant hull have given
excellent comparisons with measurements of wave profiles.

9. A new user-friendly preprocessor program has been developed by Mr. Steven Fisher of DTRC to
provide input to SWIFT.

10. Two new postprocessors have been developed which give graphical results of both th: wave height

on the ship body and the contours of the wave heights over the computational region (see

Robinson.* for example)
RECOMMENDATIONS

1. Since the wave-making resistance is a small quantity whose accuracy depends critically on the
corresponding accuracy of numerical discretization, an approach other than a direct numerical

integration of the pressure should be considered.

2. In order to fully exploit the superior potential of the present higher-order method over the zero-order

approach, the free surface condition should be recast in a form which minimizes the artificial

numerical dissipation and/or numerical dispersion.

* Robins, C.R.. "Ship Wave Color Graphics Using DI-3000.” Computer Science Senior Project. U. of North
Carolina at Charlotte, 1986,




3. An accurate prediction of near-field flow around a surface ship is essential for the prediction of wave

breaking near the bow and/or stern, for investigation of pressure distributions (possibly cavitation
inception) on a sonar dome, for tracing bubble sweep along the hull, and for the alignment of
appendages. Since the local and nonlinear effects close to the hull surface are important. a nonlincar
formulation of the free surface flow is needed for the accurate analysis. Commonly used surface
singularity techniques for nonlinear free surface problems are based on the iteration of the unknown
surface wave topology, in which the adjustment of the free surface shape obtained from the previous
iteration is a crucial factor in the convergence and stabilitv of the iterative solution. The present
panel method allows the use of higher order curved panels which can closely approximate the actual
surface topology. Further, the linear variation of surface singularity in the higher-order panel
method enables self-induction effects to be included for each panel. The higher-order panel method
is. therefore, expected to make the iteration solution more stable than that of existing lower order
panel approaches. The nonlinear extension of the present numerical scheme will be the subject of

separate, ongoing work.
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APPENDIX A

COMPUTATION OF VELOCITY POTENTIAL ¢

In this appendix we will evaluate the integrals of Eqs. (21). (22). and (25). With the relations of Egs. (15).

(17). (18), and (19), the induced velocity potential at?(x,y.z) due to the singularity distribution on the panel L

can be expanded as

and

Here

and

where

¢ = oolo(l,l) + 05[ xlc(l.l)+lc(2.l)] + un[ yla(l'l)+lc(l'2)] (A1)

$ = TOIT(I,I) + TE[ xIT(l.l)+I_r(2,l)] +T yIT(l.l)+IT(I.2)]

nl
2 2
+ (”2)15.5.[ X I_t(l.l)+2xl_r(2,l)+l_r(3.l)] + (l/Z)Tnn[ y IT(I.I)+2yl,t(l.2)+l_r(l.3)]

+ TE.n[ xyl.t(l.l)+yl,t(2.l)+xl_t(| '2)”1:(2’2) 1. (A2)

Ic(M.N) = (-1/4n) { HM.N,1) + a[hHM+2.N.3) + 2xhHM + 1 ,N.3)]
+ b[hHM.N+2.3) + 2yhH(M.N+1.3)]

+ c[hHM.N.3)] } (A3)

IT(M.N) = (1/4n) { AHM ,N,3) + a[H(M+2.N.3)+3h2H(M+2.N.5)+6xh2H(M+I,N,S)]

+ bIHM.N+2,3)+ 3> HM.N+2.5) + 6vhZH(M N +1.5)]

+ c[-H(M.N.3)+3h°H(M N.5)] ! (Ad)
c= ax2 + by2 -z, (AS)
h=2z-2 (A6)

(o]
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z = ax, + byo (A7)

EoM TN
HM.NK) = K d&dn (A®)

P

o = (En2+ny)?+h? (A9)

and (xo.yo.O) is the point on I closest to (x,y.0) (see Fig. 2). Since
(3/3x)HM N K) = -(M-1)HM-1.N,K) + KHM+1.N K+2)
(e/9y)HM ,N.K) = -(N-1)HM,N-1 K) + KHM.N+1.K+2)
(3/32)HM ,N,K) = -KhHM,N K +2) , (A10)

the induced velocities are obtained as

V= uo‘]c(l’l) + UE[ xJU(1.1)+Jc(2.1)] + oh[ylo(l.|)+lc(l.2)] (All)
where

TMN) = 3, MN) LT MN) LT (M) (A12)
and

ch(M.N) = (-1/4m){ HM+1,N,3) + 3ah(HM +3.N.5)+2xH(M +2,N,5)]
+ 3bh(HM+1 ,N+2.5)+2y(M+ | N+1.5)]

+ IchfHM+1.N.5)) | (A13)

ch(M.N) = (-1/41){ HMM.N+1.3) + Jah(HM+2.N+ 1.5+ 2xHM+1.N+1.5)]
+ 3bh{H(M.N +3.5)+2vhH(M N +2.5)]

+ 3ch{H(M.N+1.5)) | (Al4)
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Joz(M‘N) = (-1/4m){ -hH(M.N 3) + a(H(M +2.N.3)-3h HMM +2.N.5)
+2xHM + 1.N.3)-6xh H(M + [ .N.5)]
+ b[H(M.N+2.3)-3h HMM.N +2.5)
+2yH(M.N +1.3)-6yh HMM. N +1.5)]

+ ¢[H(M.N,3)-3h HM.N.5)] {. (A1S)

The corresponding expressions for the induced velocities due to doublet can be obtained easily by diff-
erentiating Eq. (A2) and then using the relations of Eq. (A10).

If the field point P(x,y,z) is located at a large distance from the panel surface S, the expressions (A3).
(Ad), (A14), and (A15) can be further simplified using a series expansion with respect to origin of the local

coordinate system (&.n,%). For large values of |P| compared to |Q|, we obtain

I M.N) = (-1/4m) { EI/P + (E2 P)/P? + [-E3/2+3(P E4P)/2)/P° } (A16)
where
El = CM.N) (A17)
E2 = [CM+1.N) , CM,N+1) , aC(M+2,N)+bC(M.N+2) ] (A18)
E3 = CM+2.N) + C(M.N+2) (A19)
C(M+2.N) CM+1.N+1)  aC(M+3.N)+bC(M+1.N+2)
E4 = |CM+1,N+1) C(M.N+2) aC(M +2,N+1)+bC(M.N +3)

aCM+3 N)+bC(M+1,N+2) aCM+2 N+1)+ bCM.N+3) 0

(A20)

CM,N) = HM,N,0) evaluatedat x = v =z = 0. (A21)

The leading terms in Eqgs. in (A3). (A4). and (Al1) correspond to a flat panel. The remaining terms having
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coefficients of a. b. and c constitute panel curvature effects. The corresponding integrals associated with
doublet distribution can be expressed in terms of H integrals with different combination of values M. N. and
K. Furthermore. we can show that there exists a recurrence relationships between H(M.N.K) such that the
computation of velocity potential and its derivatives involves only simple algebraic manipulations. The detailed
evaluation of the H integral is illustrated by Johnson5 and the results are summarized in Appendix B.

The total induced velocity potential at P(xi,yi.zi) is. therefore. obtained by collecting individual con-

-tributions due to all the surface panels N,

$. =

N
3
j=

$.. (A22)
1J
Using the the relation for the source distribution, Eq. (20). the total induced velocity potential and induced

velocities are expressed in terms of N singularity parameters
Cé)..0, A23
( ¢)u i (A23)

[ CVx . CVy , CVz ]ij oj (A24)

where (C\it)ij and [CVX,CVy.CVz]ij denote the influence kernels associated with the j-th singularity parameter

evaluated at the i-th control point.
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APPENDIX B
COMPUTATION OF H INTEGRALS

In this appendix we shall summarize the recursion relations which were used for the computation of H
integrals in Eqs. (A1)-(A15). The detailed derivation of these recursion relations can be found in Johnson?

From the definition of H integrals

&M -
H(M.N K) = ——————dEdn. (B1)

P

p = r(E.-X)2+(n-y)2+(C-Z)2 .
where

M=012,..; N=012,.; K=135.....
we can easily show the following identity:

HM+2.NK) + HM.N+2,K) + h2HM.N.K) = HM.N.K-2). (B2)
Integrating by parts yields second recursion relations

(K-22HMM N K) = M-1)HM-2,NK-2) + L vEF(M—l.N.K-Z) (B3)
and

(K-2)HM N K) = (N-)DHM,N-2.K-2) + L \)nF(M.N-I.K-Z). (B4)

The summation on the right side of Eqs. (B3) and (B4) is over all four sides of E shown in Fig. 2. Here v

= V(E.N) is the unit outer normal to the side of £ and F(M.N K) is the line integral defined by

EoM Iy

F(M.N.K) = I = d. (BS)

L p

33




Similarly we can devise the recur<ion relations for the computation of F integrals. From the definition of F

integrals we have the identities

FM+2,NK) + FMN+2K) + th(M.N.K) = F(M.N K-2) (B6)
and

\\EF(M+1,N,K) + \)nF(M.N+1,K) = -aF(M.N.K). (B

Integration by parts also yields

(K-Z)VEF(M.N-F 1K) - (K-Z)VnF(M+ 1,N.K)

= N\’EF(M,N-I,K-Z) - M\'nF(M-l,N.K-Z) + E(M,N.K-2) (B8)
where

EM.N.K) = [ EoM Ty oK. (B9)

The recursion relations for H and F have been recombined in the present procedure to compute needed H
and F integrals efficiently and accurately. For example, since S is a singular surface for H. the reverse of the
relation Eq. (B3) has been used for the field point in the interior of S. Similar care has been exersised for the
evaluation of F integrals. By properly accounting for the singular behavior of H. it was possible to compute

accurate velocities even when the field point is close to the edge or corner of S.
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Fig. 4. Network of paneis.
Hull Geometry
B/L = 0.1000
H/L = 0.0625
CB = 0.444
Cpr = 0.667
C, = 0.667
L/Lpp = 1.000 (whereL = LWL)
The hull surface is shown in Figure 5 and is defined by:
B 2\ 2 2,2
v= 2= (2 - (3
20F7 — 20.0 FT 4
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Fig. 5. Wigley hull form (from Shearer and Cross, 1965).

36




Relative Errors in C

Relative Errors in C,

0.025

Symbol  Froude No
—f— (.200
- |- 025
0.020 =iy —<e— 0289
= --©-- 0316
\ ~ - - 8= (.354
0.015 < \ --<}-- 0375
\ N

a
0.010 . S
\_ NN
N
0.005 N

0.000 I =N

-0.005

1.0 1.5 2.0 2.5 3.0 3.5
Forward and Aft Truncation Boundary (Xt/(L/2))

Fig. 6. Convergence test for X~direction truncation boundary.

0.030
Symbol Froude No.
—f—  0.200
- 8- 0250
0.025 X —©— 0289
< —-©-- 0316
~ - 48— 0354
0.020 <C -eB-- 0.375
N
0.015 | e
(C LTS '____\*__ N
0.010 . B
NV
-\ \\
N T :\
0.005 PO 'S
B — - - 1—--—.-_.-_ ™ Saon o= :.".;‘
0.000 -
-0.005
0.50 0.75 1.00 1.25 1.50 1.75

Side Truncation Boundary (Ys/(L/2))
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Fig. 11. Wave profile comparison for Wigiey hull at Fp,=0.250.
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Fig. 15. Wave profile comparison for Wigley hull at F,=0.354.
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Fig. 18. 3-D perspective view of Wigley hull generated waves at F,=0.408.
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Fig. 19. Predicted wave contour plot for Wigley hull at F,=0.408.
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Fig. 20. Lines of Series 60, Cg=0.60 (from Todd, 1953).
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Fig. 23. Wave profile comparison for Series 60 at F,=0.280.
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Fig. 24. Wave profile comparison for Series 60 at F,=0.300.
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Fig. 34. Wave profile comparison for Athena hull at F,«0.651.
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Fig. 35. Wave profile comparison behind stern at F,=0.484.
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Fig. 37. Body plans ot Modeis A and C.
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Fig. 38. Wave profile along the hull at F,=0.179.
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Fig. 38. Wave profile along the hull at F,=0.238.
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Fig. 41. Wave profile along the hull at F,=0.179 for Modeis A and C.
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Fig. 42. Wave profile along the hull at F,=0.238 for Models A and C.
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Fig. 43. Wave profile along the hull at F,=0.298 for Modeis A and C.
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Fig. 46. Longitudinal wave cut at F,=0.238 (Probe 2).
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Fig. 47. Longitudinal wave cut at F,=0.238 (Probe 3).
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Fig. 49. Longitudinal wave cut at F,=0.238 (Probe 5).
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Table 1. Comparisons between flat panel and curved panel results.

Relative Error( %)
No. of Flat Panel.Constant Source Curved Panel.Linear Source
Panels [ ] [} ¢ ¢ ¢ ) ¢ [}
x 3 z x ¥ z
50 3.43 4.52 1.85 1.85 0.64 0.90 091 0.9i
200 1.7 1.28 0.32 0.32 0.12 0.20 n.27 0.27
520 1.19 0.66 0.22 0.22 0.07 0.17 0.15 0.15
Note : Since the body is axisymmetric. one-quarter of body panels is provided.

The relative error is defined as
computed - analvtic

relative error m ABS( ~-cccecareiroiornicians Y« 100
anaivtic

Table 2. Tables of offsets, Series 60, Ca=0.60.
(from Todd, 1953)

Hatt breadths of line given as traction of i beam on sach waterline

Mode) = 210W Forebody prismatic coefficient = 0.581

Atterdody prismatic coefficient = 0.846
W.L. 1.00 is the designed load waterline Tota! prismatic cosfficient = 0.614

Area as

fraction

- /aterli - of manx.

eres 10

Sts. Ten. 007 028 0.80 0.7% 1.00 128 150 100W.L

(44 0000 0000 6000 0000 0000 0000 0020 0042 2000

% 0009 0032 D042 0043 0043 0081 007 0120 0042
1 0013 0084 0082 0087 0080 0102 0N 0198 0.085
"% 0O 0005 01 O0WY O0MS 0160 05 02 0N
2 0024 07 017 024 0213 0223 0270 O0M0 082
3 0085 0196 02 0346 0388 0391 040 O85! 03X
4 0134 034 043 OB OS5 OS2 0007 0683 04T
[ 0275 0486 O689 OM0 089 072 074 O84 08X
L} 0489 OGN 073 OWR OSM O0M1 O OB OM
? 0666 0779 0854 086 0917 073 088 084 00
L} 0831 08 00X OW7T 097 O 0N 0N 0985
L} 0845 098¢ 087 09 1000 1000 1000 1.000 0.9%
w0 1000 1000 1000 1000 9.000 1000 1000 1.000 1.000

1" 0965 092 0890 1000 1000 1000 1000 1.000 0.09¢
7 0882 0832 OM8 04 1000 1000 1000 1000 O
n 0767 0828 082 092 09857 094 0987 1000 088
“ 0622 0701 071 034 000 085 090 089 O3
13 0450 08380 063 074 0057 0 07 OWMM O
“ 0300 0413 0483 0882 072 0057 0O 0% 000
” 0968 0267 030 0413 0841 073 004 OSM 045
L ] 0085 012 0193 028 037 OS% O OSM O
wH AOR 012 0130 0186 021 04X 083 0T 0.7
” 0G4 0088 007 0085 01 0308 0850 06 0N
"% 0010 0020 0020 002 00X 0153 0418 OFM 00K
[ 14 0000 0000 0000 0000 0000 OOR2 027 0420 0.004

Maxhatf 0790 ©0085 0806 1000 1000 1000 1000 1.000
beam®




Table 3. Offsets for the high—speed hull, Athena.

Sta, Tan. 0.126 025 050 0.75 1.00 125 150

FP 0.0000 0.0000 0.0000 0.0000 0.0000 0.0048 0.0185 0.0347
12 0.0000 0.0000 0.0246 0.035¢ 0.0451 0.0570 0.0758 Q0989

1 0.0000 0.0000 0.0525 0.0818 0.0959 0.1110 0.1354 0.1637
1172 0.0000 0.0000 0.0838 0.1292 0.1462 0.1675 0.1945 0.2267
2 0.0000 0.0000 0.1162 0.1786 0.2035 02257 0.2542 0.2886
3 0.0000 0.0377 0.1955 02813 03104 0.3398 03711 0.4081
4 0.0000 0.1029 02849 03891 04218 04478 04761 05129
5 0.0000 0.1972 0.3989 04992 05280 0.5643 05776 0.6078
(] 0.0000 0.3038 0.4972 0.6009 0.6246 0.6462 0.6700 0.6990
7 0.0000 04305 06180 06934 0.7070 0.7263 0.7476 0.7703
8 0.0000 05918 0.7262 0.7783 0.7830 0.7967 0.8156 0.8345
9 0.0000 0.7410 08346 08517 0.8448 0.8568 0.8807 0.8869
10 1.0000 08868 0.9240 098136 0.9002 0.9065 09177 09198
" 1.0000 1.0000 1.0000 09671 09420 0.9381 0.9457 0.9488
12 1.0000 0.8353 09519 1.0000 0.8762 0.9660 09684 0.9699
13 0.0000 0.4580 0.8424 1.0000 0.9942 09872 0.9875 0.9888
“ 0.0000 0.0000 05765 0.9801 1.0000 1.0000 1.0000 1.0000
15 0.0000 0.0000 0.0581 09113 09865 09939 0.9946 0.9953
18 0.0000 0.0000 0.0000 0.7645 09575 09751 0.9791 0.9799
Ay 0.0000 0.0000 0.0000 04870 08227 0.9478 0.9505 0.9517
18 0.0000 0.0000 0.0000 00871 087N 0.9108 09147 09134
18172 0.0000 0.0000 0.0000 0.0000 08545 0.8926 0.8920 0.8899
19 0.0000 0.0000 0.0000 0.0000 0.8345 0.8695 0.8711 0.8869
1912 0.0000 0.0000 0.0000 0.0000 0.8068 0.8477 0.8481 0.8416
20 {AP) 0.0000 0.0000 0.0000 0.0000 0.8023 0.8289 08216 0.8168
:.ll'.‘hd' 0.0073 0.3538 0.5431 0.7937 09424 1.0000 1.0170 1.0303

Table 4. Principal dimensions and form coefficients of Models X, A, and C.

Model X

PRINCIPAL DINENSIONS

MORDIMENS TONAL CNEPFICIENTS

LENGTH (Lpp) « 900,00 fe (274.32 w) s - 0.543  Cyp 0.7 aglag - 0.00)
LENGTH (Lwl) - 910,65 fe (277.37 w) Cp = 0.579 Cyrp - 0.87¢ g/ - 0.2%)
Bean (8y) = 141,10 fe (4).0} a} Cor - 0,346 Cvra - 0.6%6 Lp/Lel = 0.
DRAPT (Ty) - 35,36 fr {10.78 =} Cpy = 0.61)  Cg - 2,669 /vl . 0,212
™in = 0.00 fe (+ bow) Crt - 0,374 t = 0,043 /Lwl - 0.50¢
DISPLACIMENT = 70560 L (71688 t) Cm = 0.58% Wel/Bg = 6,434 L T = 0,332
VETTUO SURFACE = 127942 oq ft (11086.2 94 ) | Cx = 0.930  Bg/Ty e 3.9%  C¥ « 0.00327
g o 1,343 degrees Cup * 0.705  ap/Ay = 0.000 - 7,007
" = 10.214 degrees Cysy = 0.382  Br/Bx = 0,000 ) =610
" - 20,370 degrees Cypa = 0.887  Te/ty 0,000  a/(.01w1)’ = 93.42
Model A
PRINCIPAL DIMENS [ONS MORDIMENSTONAL COEFFICIENTS
LENCTH (Lop) « 900,00 fc (274,32 w) Cp = 0.39) (<) - 0,814 Aplay - 0,001
LENCTH (lwl) - 913,08 ft (278,35 m} cp «0.381  Cyrp = 0.9 lg/twl .0.202
Wan (8x) = 126,21 te (38,47 ®) Cor - 0.548 Cvra - 0.729 Lp/twl - 0,000
ORAFT (Ty) = 33.8) tc (10,92 =) Cpa - 0.613 Cg - 2.718 /el = 0.213
TIN = 0,00 fr (+ bow) ot = 0,578 t - 0,046 /Lwl - 0.303
DISPLACTHENT * 7009 L (71211 ¢) Cpx =030 Wifsy =741 P - 0.35)
VETTED SURFACE = 128747 sg fL (11949.9 oq w) |} Ly - 1.0m0 s/t = 3.2 cY « 0.00321
e « 7.28) aegrees p =029 ap/Ax 0,000 - 1,018
"™ - 9.82) degrees Cupr = 0.397  8p/By  « 0.000 g =670
te * 20,003 degrees Cura = 92 Te/ty = 0000  a/(.01w1)’ « 91.9)
Model C
PRINCIPAL OINENSIONS MONDINENSIONAL OOKFFICTENTS

LENCTH (Lpp) - 10,00 ft (274.32 w) Cy - 0.%8 Cyp = 0.810 AglAy - 0.001
LENCTH (Lul) - 914,79 f1 (218,00 @) cp - 0.877  Cypp = 0811 igftwl . 0.1
sean (3g) ° 12626 f¢ (30.40 &) Cor = 0.330  Cypp 0728 Lyfiwl - 0.000
DRATT (Tg) . 3.10 fr (11,00 ») Cpa = 0.618 g 2.7 Il - 0.21)
™in « 0,00 ft (¢ bow) Coe = 0.5 - 0.04¢ Sl - 0.%7
DIAPLACTNMENT - 70089 L (71211 ¢t) Con = 0386  wisay = 2243 FFLel « 0,333
WETTED SURFACE = )20A%0 aq ft (1197, sq m) § Cy - 1,020 By/Txy = l.498 v « 0.00310
1g « 7.233 dagress Cup - 0.726 Ay/ay = 0.000 « 1,067
" - $.82) degrees Cypr * 0.38%  Bp/By = 0.000 RN
't = 20,007 gegraee Cupa = 0.928  Tp/ry  + 0,000  4/(.0lwl)’ ~ 91,36
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